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Abstract  
The article gives an overview on the ceria and ceria-based materials describing structural 
and redox properties. The affect of surface area, dopant and metal-ceria interactions on 
the reduction characteristics is examined by taking specific examples. The importance of 
ceria-based materials in heterogeneous catalysis, exhaust catalysis in particular, is 
highlighted. 
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1. Introduction 

Ceria-based materials continue to be 
investigated for their structural and 
chemical properties [1,2], reduction 
behaviour and non-stoichiometry [3], 
oxygen storage capacity [4-6] and metal-
ceria interactions [7,8]. These materials 
show promising applications in 
environmental catalysis [4, 6, 9-15], 
redox catalysis [1-8] and wet catalytic 
oxidation of organic pollutants [15, 16]. 
Single crystal ceria surfaces and thin 
films have also been employed to study 
model catalytic reactions [17,18]. The 
prominent role of ceria has been 
recognised in three-way catalysis, 
catalytic wet oxidation, water-gas-shift 
reaction, oxidation/combustion catalysis 
and solid oxide fuel cells [1,11, 10-19]. 
The structural features of ceria in 
combination with oxygen storage and 
release properties are crucial for various 
catalytic reactions. Ceria can be 
employed as an oxide carrier or a mixed 
oxide carrier with a transition metal 
oxide providing unique catalytic 
properties.. Ceria is also believed to help 
in preserving the catalyst surface area, 
pore size distribution and catalytic 
activity [1-7]. A number of CeO2-based 

systems such as CeO2-ZrO2, CeO2-
Al2O3, CuO/CeO2/Al2O3 CeO2-SiO2, 
CeO2-La2O3, CeO2-HfO2, Pd/CeO2 and 
Au/CeO2 have been examined for their 
catalytic properties [1,2, 7-11]. Recently 
efforts have also been made to 
synthesize nanoparticles of ceria having 
better physicochemical properties for 
diverse applications [20]. The present 
article provides an overview of some 
structural and catalytic aspects of ceria-
based mixed oxides and supported metal 
systems.  
  
2. Structural features of CeO2  

The structural properties of CeO2 
have been investigated by several 
authors providing valuable information 
on redox properties and oxygen mobility 
in the ceria lattice [21-23]. Ceria is a 
pale yellow color solid due to O2- ← 
Ce4+ charge transfer and is known to 
crystallize in fluorite structure (CaF2) 
with a space group of Fm3m. The unit 
cell of ceria is shown in figure 1. In the 
face centered cubic (FCC) structure of 
ceria, Ce4+ ions form a cubic close 
packing arrangement and all the 
tetrahedral sites are occupied by the 
oxide ions whereas the octahedral sites 
remain vacant. The unit cell of ceria can 
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be considered as a simple cube, in which 
the face center positions and corners are 
occupied by Ce4+ ions. The tetrahedral 
sites can be visualized by dividing the 
cube into eight smaller cubes. The body 
center positions of all the small cubes 
are occupied by oxide ions and the 
alternate corners are occupied by Ce4+ 
ions.  

 
 

Figure 1. Fluorite structure of CeO2.  
 
Under reducing atmosphere, ceria is 

known to form nonstoichiometric oxides 
of general composition CeO2-x where 
0<x<0.5. The extent of reduction of 
ceria and the formation of non-
stoichiometric phases have been studied 
by using several techniques such as 
TPR, XRD and magnetic measurements 
[3-8, 21]. The fluorite structure of ceria 
is retained up to 900 K under reducing 
atmosphere. However, the lattice 
parameter is found to increase with 
reduction temperature indicating an 
expansion in the FCC lattice [21, 24].  
An increase of 1.8% in the lattice 
parameter with respect to stoichiometric 
ceria after the reduction treatment at 873 
K has been reported [21]. This 
conclusion has also been arrived at from 
the thermal expansion and molar volume 
measurements [22,23]. The increase in 
the lattice parameter is attributed to the 
reduction of Ce4+ ions to Ce3+. The 
radius of Ce3+ is larger than the radius of 

Ce4+ resulting in the lattice expansion. 
The non-stoichiometric phases formed 
during the reduction process can be 
easily oxidized to the pure CeO2 phase 
upon exposure to air or under mild 
oxidizing conditions. However, the 
reversibility of this process is decreased 
when ceria is reduced at higher 
temperatures. When ceria is reduced at 
1070-1170 K, a cubic Ce2O3 phase has 
been detected K [21]. The cubic Ce2O3 
phase reoxidizes slowly in air compared 
to the expanded ceria phases. Reduction 
of ceria at temperatures greater than 
1273 K leads to the formation of 
hexagonal Ce2O3 phase. This phase is 
stable at room temperature and possesses 
identical structure as that of La2O3. The 
ability of the cerium ion to switch 
between the Ce4+ and Ce3+ oxidation 
states depending on the ambient oxygen 
partial pressure is represented as: 

CeO2 ≡ CeO2-x  + x/2 O2       (1) 
The amount of oxygen released in 

the forward reaction and the oxygen 
consumed in the reverse reaction is 
generally referred as the oxygen storage 
capacity (OSC) of ceria material [1-3]. 
The labile oxygen and possible large 
deviations from its stoichiometry are 
essentially the reasons for use of CeO2 in 
three-way catalysts (TWC) [2, 6]. 

 
3. Ceria in Three Way Catalyst 
(TWC) 

The most important application 
of ceria-based materials is exhaust 
catalysis which has been reviewed 
extensively [2,6,25,26]. The three-way 
catalysts are designed to simultaneously 
convert automobile exhaust pollutants 
(uncombusted hydrocarbons (HC), 
carbon monoxide (CO) and nitrogen 
oxides (NOx)) to environmentally 
acceptable products such as carbon 
dioxide, water and nitrogen. The TWC 
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formulation contains Pt/Rh, Pt/Pd/Rh, 
Pd/Rh and Pd-only metal catalysts 
dispersed either on the surface of 
alumina pallets or on an alumina 
washcoat anchored to a monolithic 
substrate made of cordierite 
(2MgO.2Al2O3.5SiO2) or a metal [2,6]. 
High surface area γ-alumina is used as 
support because of its higher thermal 
stability under hydrothermal conditions 
[6]. The thermal stability and surface 
area of γ-alumina has been further 
improved by adding oxides of Ce, Ba, 
La and Zr as stabilizing agents [2]. 
Among the precious metal combination, 
the Rh based bi- or tri-metallic catalysts 
show considerable activity for the 
reduction of NOx compared to Pt and Pd 
catalysts [2, 25]. In addition, ceria and 
ceria-based mixed oxides such as CeO2-
ZrO2 are used as oxygen storage 
promoters in TWC. The working 
conditions of TWCs are severe exposing 
them to unpredictable variations in 
temperature, pressure and reactant 
concentrations. An optimum 
performance of the TWC is possible if 
the stoichiometric air-fuel ratio (A/F) is 
maintained at 14.6 as shown in Fig.2.  
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Figure 2. Effect of air to fuel ratio on the 
conversion efficiency of three-way 
catalyst. 

If the air-fuel ratio is close to the 
stoichiometric value of 14.6, the catalyst 
converts all the pollutants to CO2, H2O 
and N2 gases with high efficiency. 
Deviation from the stoichiometric value 
affects the performance of the three-way 
catalyst resulting in the incomplete 
conversion of the pollutants. Under fuel 
lean period the conversion of NO is 
affected whereas under fuel rich 
condition the oxidation of CO and 
hydrocarbons remains incomplete. The 
role of ceria and ceria based materials in 
TWC is to widen the A/F window and 
help maintaining the conversion 
efficiency of the catalyst. Ceria has the 
ability to store excess oxygen under fuel 
lean period and release it under fuel rich 
conditions for the oxidation of CO and 
hydrocarbons. This happens due to its 
ability to switch between Ce4+ and Ce3+ 
oxidation states depending on the 
oxygen partial pressure in the exhaust 
gas composition. Ceria can undergo a 
number of reactions by exchanging 
oxygen with gas molecules in the 
exhaust environment.  
 
Under lean condtions  
Ce2O3 + 0.5 O2 ⇋ 2CeO2 

Ce2O3 + NO ⇋ 2CeO2 + 0.5 N2 

Ce2O3 + H2O ⇋ 2CeO2 + H2
 
Under rich conditions 
2CeO2 + H2 → Ce2O3 + H2O 
2CeO2 + CO → Ce2O3 + CO2 

 
In addition, ceria also helps in 

maintaining the dispersion of the noble 
metals and provides thermal stability to 
the γ-alumina phase. It also promotes 
water gas shift reaction (CO + H2O → 
H2 + CO2) during the transient 
oscillations in the exhaust, thus 
enhancing the CO oxidation [1,2,6]. 
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Ceria-based transition metal binary 
oxides such as CeO2-CuO have been 
found to be good catalysts for CO 
oxidation at very low light off 
temperatures [9, 10]. It is proposed that 
the reaction, COad + Olattice → CO2 (g), 
occurs between CO adsorbed on noble 
metal and the oxygen derived form the 
ceria lattice at the noble metal and ceria 
interface.  
 
4. Redox property of ceria 

 The mobility of surface oxygen 
species in ceria is found to be higher 
compared the conventional oxides such 
as SiO2, Al2O3, MgO and ZrO2 [28]. 
These mobile surface oxygen species 
can be removed easily under reduction 
atmosphere leading to the formation of 
non-stoichiometric ceria, CeO2-x (0 ≤ x ≤ 
0.5) [21-23]. The Ce3+ ions form the 
main defect centers and the charge 
imbalance is neutralized by the 
formation of oxygen ion (O2-) vacancies 
[3-5]. Ceria retains its fluorite structure 
when reduced at temperatures below 900 
K. The reduced form of ceria can be 
completely oxidized when exposed to air 
at room temperature.  This easy 
availability of lattice oxygen and 
retention of the structural feature has 
been exploited in several cases for 
catalytic reactions involving oxidative 
process [1,2,6,11]. The redox property of 
ceria has been studied using several 
experimental methods.  However, 
temperature programmed reduction 
(TPR) is unique to study the temperature 
dependence reduction behavior of ceria 
based materials [3]. The reduction of 
ceria takes place essentially in two 
temperature regions (Fgure 3). The first 
region is 573-873 with Tmax around 790 
K and the second region is 973-1273 K 
with Tmax around 1100 K. These two 
reduction regions are characteristics of 

ceria and are attributed to the surface 
and bulk reduction respectively [2,3,29]. 
The higher mobility of the surface 
oxygen ions helps in the removal of 
lattice oxygen during reduction process. 
The coordinately unsaturated surface 
capping oxygen ions can be easily 
removed in the low temperature region. 
However, bulk oxygen requires to be 
transported to the surface before their 
reduction. Consequently, the bulk 
reduction takes place at higher 
temperature compared to the surface 
reduction.  
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Figure 3. TPR profiles of CeO2 samples 
having different surface areas, (a) 1.5 
m2/g, (b) 30 m2/g and (c) 130 m2/g. 
 

Another important aspect to be 
noticed from figure 3 is that the 
hydrogen consumption in the low 
temperature region increases with the 
surface area of the ceria sample. A linear 
correlation has been observed between 
the surface area and the hydrogen 
consumption at the low temperature 
region [21]. The presence of a variety of 
surface capping oxygen ions can be 
expected in a small crystallite of ceria. A 
small crystallite surface may contain O2- 

ions at different positions with different 
coordination numbers. For example, the 
oxide surfaces can have imperfections 
such as steps, kinks, and corners 
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projecting O2- ions of different 
coordination number. The variety and 
population of such surface O2- ions may 
increase with surface area. Based on the 
CeO2 TPR and the results obtained from 
other techniques [21,30,31], a model has 
been proposed for ceria reduction [32]. 
The model consists of four steps (i) 
dissociation of chemisorbed hydrogen to 
form hydroxyl group, (ii) formation of 
anionic vacancies and reduction of 
neighboring Ce4+ ions, (iii) desorption of 
water by recombination of hydrogen and 
hydroxyl groups and (iv) diffusion of 
surface anionic vacancies into the bulk 
material. The kinetic model is shown 
schematically below in figure 4.  

Step 2

Ce4+

Ce3+

O2-

Vacancy

H2

H H

Step 1

Step 4

HO H
Step 3

H2O

 
    
Figure 4. Ceria reduction mechanism 
[32]. 
 

The initial reduction process is very 
sensitive to the surface area of the ceria 
material (fig.3). The bulk reduction 
begins only after the complete reduction 
of the surface sites. The surface 
reduction of ceria through the formation 
of hydroxyl group has been studied by 
FT-IR spectroscopy [31]. Several types 
of hydroxyl groups differing in the 
coordination environment have been 

observed on the surface of ceria, the 
intensity of which depends on the 
procedure of preparation of these 
materials. The intensity of these OH 
stretching bands increases with increase 
in reduction temperature up to 673 K. At 
higher temperature these bands 
disappear due to the desorption of water 
leading to the formation of anion 
vacancy at the surface. 

 
While using ceria based materials in 

catalytic processes such as three-way 
catalysis, the main concern is the 
thermal stability of the ceria component 
at higher temperatures. Ceria promoted 
three-way catalyst is often exposed to 
temperatures greater than 1200 K under 
the operating conditions. At such high 
temperatures, the oxygen storage 
capacity of ceria strongly decreases upon 
thermal aging due to the growth of ceria 
crystallite size loosing the active surface 
area and /or formation of CeAlO3 phases 
[33]. The growth of ceria crystallite and 
the thermal sintering process can be 
considered as due to the mass transport 
at an atomic scale caused by a 
concentration gradient set at higher 
temperature. The sintering process of 
ceria has been explained through six 
elementary steps, oxygen adsorption, 
oxygen vacancy creation and diffusion, 
oxygen desorption, cerium vacancy 
diffusion or vacancy annihilation [34]. 
Improvement of the thermal properties 
of ceria and retention of active surface 
area at high temperature is thus 
necessary to exploit the redox property 
of ceria for various applications 
especially in TWC. Incorporation of 
aliovalent cations into the lattice of ceria 
improves its thermal stability besides 
affecting the physical properties of ceria 
such as density, ionic conductivity and 
lattice parameters [33]. The thermal 
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stability and redox behavior of ceria can 
be improved by incorporation of zirconia 
into ceria lattice [2-8].  Ceria is known 
to form a substitutional type solid 
solution with zirconia [5, 35]. The ceria-
zirconia solid solutions show better 
oxygen storage capacity and reduction 
behavior compared to pure ceria and 
potential substitutes for ceria in TWC 
applications [2,3,36]. Ceria-zirconia 
solid solution exists in three different 
phases namely monoclinic, tetragonal 
and cubic. The cubic and monoclinic 
phases are thermally stable below 1300 
K, where as the tetragonal phase is a 
metastable phase and can be prepared by 
high temperature ceramic method in the 
composition range of 10-50 mol% of 
ceria [7, 35]. Above 50 mol% of ceria, 
the cubic phase is formed. The kinetics 
of the redox process is favored in the 
cubic phase compared to the tetragonal 
and monoclinic phase [5].  There is 
dramatic change in the TPR profile of 
ceria upon the incorporation of zirconia 
into the ceria lattice. Figure 5 shows the 
TPR profiles of high surface area CeO2-
ZrO2 solid solutions in comparison with 
the TPR profile of CeO2. 
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Figure 5. TPR profiles of CeO2-ZrO2 
solid solutions and CeO2. 
 

The oxide solid solutions undergo 
reduction in the region between 500 K 
and 950 K with different Tmax values. 
Two important observations can be 
made from figure 5. One is that the solid 
solutions undergo maximum reduction at 
temperatures close to the surface 
reduction of pure ceria and the other is 
the surface and bulk reduction 
signatures, observed for pure ceria, are 
merged together for the solid solutions. 
This suggests that the entire ceria 
component present in the solid solution 
is undergoing reduction in a single step. 
The change in reduction features has 
been explained in terms of facile 
migration of oxygen ions in the CeO2-
ZrO2 lattice. The structural factor plays 
an important role in the reduction 
behavior of these oxide solid solutions 
and has been studied in details for 
samples prepared by high temperature 
solid state reaction [5]. The solid 
solution contains predominantly 
tetragonal phase for 10-50 mol% ceria 
content, whereas at higher ceria content 
the formation of cubic phase is favored. 
The oxygen diffusion in the defective 
fluorite structure of ceria has been 
explained by a vacancy mechanism 
[1,3]. A smaller cell volume requires less 
energy for the hopping of oxygen ions 
with in the lattice and favors the 
reduction process. The oxygen mobility 
in the lattice depends on the effective 
radius of the cation. The oxygen anions 
are in a tetrahedral coordination in the 
fluorite structure and their migration to 
the nearby tetrahedral position occurs 
through the channel formed by nearby 
cations.  The dependence of the channel 
radius on the ceria content is shown in 
figure 6. 
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Figure 6. Channel radius for oxygen 
migration in the tetragonal (▲) and cubic 
(■) structures [5]. 
 
For the tetragonal structure the channel 
radius almost remains constant with 
ceria content whereas for the cubic phase 
the channel radius is found to decrease 
with increase in ceria content (except 70 
mol% ceria). The optimum channel 
radius is found to be in the ceria content 
of 50-60 mol%. Consequently, for these 
compositions the oxygen mobility will 
be higher favoring the process of 
reduction. Figure 6, clearly suggests that 
in the cubic samples the process of 
reduction is facilitated by the 
substitution of Ce4+ with Zr4+. 

 
Ceria based mixed oxides of V, Mn, 

Ni, Co and Cu have also been studied 
form the point of their redox property 
and catalysis. Several catalytic 
transformation such as steam reforming 
[1,37], oxidative adsorption of NO [38], 
oxidation of CO [9], total oxidation of 
hydrocarbon [39] are promoted by the 
presence of transition metal ions in ceria 
lattice.   The interaction between the 
transition metal ions and ceria lattice is 
crucial for the catalytic activity of the 
composite oxides. For example, in the 
case of Cu-Ce-O composite oxides a 

synergistic model has been invoked to 
explain the enhanced catalytic activity 
for CO oxidation and methane 
combustion [9,40]. The Cu-Ce-O 
composite catalyst shows remarkable 
catalytic activity for CO oxidation with 
light off temperature as low as 343 K 
[9,10]. The activity of the material has 
been attributed to the direct participation 
of the Cu2+/Cu+ couple stabilized by 
chemical interaction with ceria. The 
interaction of CuO particles with ceria 
has been studied by thermal, surface and 
bulk techniques. These studies have 
shown the presence of variety of copper 
species with different coordination and 
dispersion on the surface of ceria 
[9,40,41]. The extent CuO dispersion 
and the interaction with ceria also 
depend upon the preparative method of 
the composite oxide. For example a 
CuO(20%)-CeO2 oxide prepared by 
combustion method shows different low 
temperature reduction features compared 
to the same material prepared by 
conventional precipitation method 
(figure 7).  The sample prepared by the 
precipitation method shows a broad 
reduction feature at low temperature 
region with Tmax at 240oC corresponding 
to the reduction of supported CuO 
particles (fig 7a). However, the 
reduction of the composite catalyst 
prepared by combustion method occurs 
at much lower temperature with two 
TPR peaks at 145 and 170oC. In addition 
to that, the high temperature peak 
corresponding to the bulk reduction of 
ceria is shifted by about 40oC to lower 
temperature. This is due to the fact that 
the dispersion of CuO particles is not the 
same in both cases and that there are two 
types of copper oxide species existing in 
the combustion synthesized sample [41]. 
These CuO phases contain highly 
dispersed copper oxide species and bulk  
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Figure 7. TPR profiles for (a) 
22%CuO/CeO2 prepared by precipitation 
and (b) combustion synthesized CuO 
(20%)-CeO2 composite oxide.  
 
like CuO particles present on the ceria 
surface. Moreover, the shift in the 
reduction peaks to low temperature for 
both CuO and ceria indicate a strong 
interaction between the oxide 
components mutually influencing the 
redox property of each other. This type 
of mutually promoting synergistic effect 
between CeO2 and CuO is believed to be 
essential for higher catalytic activity of 
CuO/CeO2 catalysts for CO oxidation 
[9].    
 
5. Metal-ceria interactions 

Supported metals are used in large 
scale in heterogeneous catalysis. The 
role of the support is to disperse the 
metal particles and maintain them from 
sintering. The supports widely used are 
SiO2, Al2O3, TiO2, Nb2O5, CeO2 and 
ZrO2. In addition to the dispersion of the 
metallic components the support can 
influence the electronic and catalytic 
properties of the supported metal 

particles by electron transfer or chemical 
bond formation. Metal support 
interactions have been extensively 
studied by using chemisorption 
techniques after the discovery of the 
strong metal support interaction (SMSI) 
effect by Tauster et al [42]. The 
occurrence of SMSI has been well 
established for reducible support such as 
TiO2 and Nb2O5 using chemisorption of 
hydrogen and carbon monoxide as probe 
molecules. At high reduction 
temperature, the partially reduced 
support covers the surface of the metal 
particles, thereby blocking the sites for 
H2 and CO chemisorption and catalysis 
[43].  The SMSI effect has been 
observed on (i) reducible supports, (ii) 
induced by high temperature reduction 
treatment (> 800 K), (iii) accompanied 
by significant changes in chemisorptive 
and catalytic properties of the supported 
metal and (iv) is reversible. The 
reducible nature of ceria and ceria-based 
composite oxides prompted some 
investigations to examine the SMSI 
phenomenon in these materials [1,44]. 
Ceria supported Pt [45,46], Pd [45,47], 
Rh [45, 48], Ni [49] and Ru [45,50] 
metals have been investigated for metal-
support interactions and catalytic 
applications. Despite large number of 
investigations, no clear picture seems to 
have emerged on metal-ceria 
interactions. In some cases the metal 
ceria interaction has been ascribed to 
classical SMSI where as in other cases 
alternative explanations have been 
proposed [1,44].  For example for Pt 
supported on TiO2 and CeO2, though a 
decrease in hydrogenolysis activity has 
been observed for both the catalysts after 
high temperature reduction at 773 K, the 
surface morphology of the Pt/CeO2 
catalyst is little affected unlike the 
Pt/TiO2 catalyst. HRTEM study of 
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Pt/TiO2 reveals that after HTR, the 
supported Pt particles were covered with 
an overlayer of titania support. However, 
no such overlayer has been observed for 
Pt supported on ceria and no difference 
in the Pt structure was observed in the 
HTR state or after reoxidation followed 
by low temperature reduction [46]. The 
formation of Pt-Ce alloy has been 
proposed, in an earlier study, to account 
for the difference in the chemisorption 
and catalytic behaviour of Pt/CeO2 and 
Pt/TiO2 catalysts [51]. Similarly, for 
Pd/Ceria systems no considerable 
decrease in the H2 and CO 
chemisorption or CO methanation have 
been observed after high temperature 
reduction [52]. Encapsulation of Pd by 
reduced ceria occurs at reduction 
temperature higher than 973 K. The 
interaction of Pd with ceria has been 
studied by using HRTEM and XRD 
techniques [47]. Three prominent 
changes has been observed after 
reduction at 973 K, (i) epitaxial growth 
of small Pd particles on CeO2, (ii) 
decoration of large particles of Pd with 
ordered CeO2 overlayer and (iii) 
Expansion of the lattice parameters of 
Pd. For Rh/CeO2 system the hydrogen 
chemisorption is not suppressed by high 
temperature reduction [48]. Hydrogen 
spillover from the Rh metal surface to 
the ceria support has been detected for 
this system resulting in complete 
reduction of ceria surface [53]. The 
interaction between the Rh metal and 
ceria has been studied by HRTEM [54]. 
No evidence of metal decoration has 
been observed for Rh/CeO2 up to 
reduction temperature 773 K. The 
activity of the catalyst also does not 
change appreciably with the reduction 
temperature. Sanchez and Gasquez have 
proposed a general model on the basis of 
structural considerations to account for 

the difference in the metal support 
interaction in M/TiO2 and M/CeO2 [55]. 
Titania has a casserite (SnO2) like 
structure whereas ceria crystallizes in 
fluorite structure. For M/TiO2 system, 
due to the relatively open structure of the 
cationic sublattice of titania, the 
migration of the surface metal to the 
bulk of the titania takes place during 
high temperature reduction. 
Consequently, the metals are buried 
inside the bulk of the support resulting in 
a loss of the adsorptive and catalytic 
properties. For fluorite structured ceria, 
however, the cationic sublattice provide 
an activation barrier for the migration of 
the metal atoms to the bulk. The authors 
provided an alternative explanation for 
the ceria supported metal system. They 
propose the anchoring of the metal 
crystallite on the surface oxygen 
vacancies of ceria created by high 
temperature reduction [55].  This model 
explains the absence of any drastic 
change in adsorption and catalytic 
properties of M/CeO2 materials along 
with the resistance of the metal particles 
from thermal sintering.  

 
The M/CeO2 systems have been 

extensively used as catalysts for several 
industrially and environmentally 
important chemical reactions [1,2,9,11,]. 
Particular attention has been given to the 
noble metals such as Pt, Pd and Rh 
because of their use in three way 
catalysts. Numerous studies on metal 
supported ceria, however, clearly point 
to the active role of ceria in catalytic 
processes. Ceria influences the catalytic 
property of the supported metal by 
metal-support interaction. The oxygen 
storage capacity, Ce4+/Ce3+ redox couple 
and the defect sites such as anionic 
vacancies at the metal-ceria interface can 
directly contribute to the catalytic 
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activity of the ceria-supported materials. 
In certain cases mutual promoting effect 
between ceria and metal component has 
been found to be the cause for higher 
catalytic activity [3,5-7,56]. For 
example, in Pd/CeO2-x/Al2O3 system the 
synergistic effect between the supported 
Pd metal and CeO2 has been observed 
during methane oxidation reaction [56]. 
The 18O tracer study clearly indicates the 
reversible migration of oxygen species 
between the Pd metal and the 
nonstoichiometric ceria lattice. In 
addition to the metal support interaction, 
the supported metal can also influence 
the phyicochemical properties of ceria 
support such as the oxygen storage 
capacity and reducibility [3-8]. The 
presence of a small amount of Rh has 
been found to modify the low 
temperature reducibility of ceria 
[3,4,35]. Figure 8 shows the TPR 
profiles of CeO2 samples of different 
surface area with 0.5% Rh metal 
loading. The intensity of the low 
temperature reduction feature is found to 
increase with increase in surface area of 
the ceria support. However, the most 
important feature in fig. 8 is the decrease 
in the reduction temperature of surface 
oxygen species of ceria from 790 K to 
400 K, which clearly indicates that the 
presence of Rh facilitates the surface 
reduction of ceria. This has been 
explained on the basis of spillover of 
hydrogen from Rh metal to the ceria 
surface resulting in facile reduction of 
the surface oxygen species [4]. 
Incorporation of zirconia into ceria 
lattice in the presence of Rh further 
facilitates the surface and bulk reduction 
process of ceria [4,5,35]. In the presence 
of Rh the ceria component in all the 
solid solutions is completely reduced 
below 500 K (fig. 9) while the bulk of 
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Figure 8. TPR profiles of calcined 0.5% 
Rh/CeO2 with CeO2 surface areas: (a) 
1.5 m2/g, (b) 30 m2/g and (c) 130 m2/g. 
 
pure ceria required higher temperatures 
up to 1100 K for complete reduction 
(fig.8). 
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Figure 9. TPR profiles of calcined 0.5 % 
Rh/CeO2-ZrO2 samples with surface 
area; (a) 75 m2/g, (b) 98 m2/g, (c) 60 
m2/g and (d) 130 m2/g. 
 
The oxygen storage capacity (OSC) of 
ceria is also modified significantly in 
presence of Rh metal on its surface and 
by incorporation of zirconia into ceria 
lattice (Table 1). The formation of 
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Table 1. Hydrogen consumption and oxygen uptake of Rh/CeO2 and Rh/CeO2-ZrO2 [5]. 
 

O2 uptake CeO2 
content 
(mol%) 

H2 
consumptiona

(mlg-1) 

Temperature 
(K) mlg-1 Mol O2/mol Ce 

(x100) 

Activation 
energy 

(kcal mol-1)
100b

100c

100d

50e

26.2 
8.6 
1.4 
18.3 

700 
700 
700 
700 
600 
550 

4.5 
3.9 
0.16 
9.4 
9.0 
8.5 

3.2 
2.7 
0.11 
11.3 
10.9 
10.3 

3.40 ± 0.15 
 
 
1.73 ± 0.08 

 
a Hydrogen consumed in TPR proceeding the OSC measurement 
b Surface area 130 m2/g 
c Surface area 30 m2/g 
d Surface area 1.5 m2/g 
e Cubic CeO2-ZrO2 sample 
 
structural defects and the facile 
reduction of the surface oxygen are the 
major factors responsible for the 
increase in the oxygen storage capacity. 
The Rh/CeO2 samples show a significant 
increase of oxygen uptake on increasing 
the surface area. This clearly indicates 
that the surface reduction process 
contributes to the oxygen storage 
capacity of ceria since surface reduction 
is strongly favored on high surface area 
ceria. The Rh loaded CeO2-ZrO2 sample 
takes up significantly more oxygen than 
Rh/CeO2 sample. Comparing the mole of 
O2 uptake per mole of Ce, it is evident 
that the Ce3+↔ Ce4+ redox cycle is more 
efficient in case of CeO2-ZrO2 compared 
to the pure ceria. The activation energy 
of oxygen uptake is significantly less in 
case of the ceria-zirconia solid solutions. 
As discussed in the previous section, the 
insertion of zirconia into ceria lattice 
induces formation of defect sites. 
Consequently, the oxygen mobility in 
the bulk is strongly enhanced resulting in 
the high OSC observed for this sample 
[4-7,35]. Rh loaded ceria and ceria-
zirconia solid solutions have been found 

to show good catalytic activity for NO 
reduction by CO [ 4,5,7,8,35].   
 
6. Conclusions 

Ceria exhibits unique redox 
properties which can be attributed to the 
retention of the fluorite structure. 
Surface oxygen ions are easily removed 
during reduction compared to the bulk 
oxygen ions. Doping with Zr4+ ions 
enhances the oxygen mobility in ceria 
and the materials can be 
reduced/oxidised at lower temperatures. 
Oxygen storage capacity increases 
considerably in the Zr-doped ceria 
samples. In addition to the redox nature, 
metal-ceria interactions are crucial for 
oxygen exchange and catalytic 
properties. The method of preparation 
matters in the dispersion/incorporation 
of transition metal oxides in ceria. CuO 
dispersion on ceria by combustion 
synthesis shows the presence of variety 
of copper oxide species.  
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